a Here, we report the electrochemical deposition of lead (Pb) as a model metal on epitaxial graphene fabricated on silicon carbide (Gr/SiC). The kinetics of electrodeposition and morphological characteristics of the deposits were evaluated by complementary electrochemical, physical and computational methods.
Introduction
It has long been recognised that 0.6% of the global burden of disease is related to Pb (lead) contamination.
1 Being a cumulative toxin, lead exposure has the most adverse effects on children 2, 3 and pregnant women, 4 causing neurological disturbances and a decrease of the intelligence quotient. Therefore, the fast and real-time detection of Pb in drinking water and in the environment is one of the important challenges in ecology and healthcare. Due to the low-cost and portability, electrochemical stripping voltammetry is a promising technique for the selective and reliable detection of extremely low Pb concentrations. The core of this technique is the working electrode, playing the role of the main component of the electrochemical cell. In this context, the selection of the appropriate working electrode material with desirable redox behaviour towards Pb (including fast charge transfer and high sorption/desorption rate) and a favourably wide potential window is crucial for designing a high-performance discriminating electrochemical cell with reproducible characteristics and a low detection limit. Graphitic materials are commonly used electrochemical electrodes. Among them, large area graphene formed by the high-temperature thermal decomposition of Si-face SiC(0001) in an argon atmosphere 5, 6 has recently received special attention for application as a working electrode [7] [8] [9] [10] due to its extreme smoothness yielding high signal-to-noise ratios that are beneficial for electroanalysis of heavy metals, high electron-transfer rate, large surface area and unique electronic properties. [11] [12] [13] Thus, any experimental knowledge about the specific interaction between Pb species and epitaxial graphene at the early stages of the deposition of lead is very valuable for elucidating the nature of the sensing mechanisms underlying the electrochemical detection of Pb ions in aqueous solutions and for better understanding the ways to achieve enhanced performance of electrochemical sensors. In light of this necessity, there is a high demand for the development of effective techniques of Pb deposition and understanding the phenomena occurring at the metal/solid interfaces. In this regard, electroplating is an attractive approach because it is an excellent tool for controlling the interface structure.
shift of the Dirac point of graphene, while the van der Waals interaction between other metals, e.g. Cd (Hg) and graphene, has a negligible effect on the band structure. Taking the aforementioned discussion into account, we anticipate that graphene and more specifically graphene on SiC (Gr/SiC) as the working electrode can be used for lead electroplating, which is expected to shed light on the interaction of Pb with this graphene and to help in understanding the mechanism of Pb detection in an electrochemical sensor.
In this report, we gain understanding of the aspects of Pb interfacing with Gr/SiC using electrochemical methods, as well as Raman spectroscopy and scanning electron microscopy (SEM). The results are compared with the first principles calculations.
Experimental details and methodology

Electrochemical measurements
The electrochemical measurements were carried out at room temperature using a computer-controlled potentiostat (Autolab, EcoChemie, Netherlands). The three-electrode electrochemical cell composed of graphene-covered 4H-SiC as the working electrode, platinum wire as the counter electrode and the underlying base for the silver-silver chloride (Ag needle, which was anodically treated in 3 M KCl) reference electrode were used. The electrochemical cell was a plastic box with a volume of 300 mL and there was a small hole in the central part of this box. The Gr/SiC sample was fixed under the hole with the o-ring using screws on the lid. A dry contact to the Gr/SiC was formed by using an aluminum adhesive. The mounted sample was kept inside the cell during all electrochemical measurements in order to avoid sample drift. The electrochemical reactions took place on the hole of 3.1 mm 2 area. A detailed description of the design of the electrochemical cell can be found elsewhere. 10 Prior to Pb electrodeposition, we used the cyclic voltammetry technique to define the working potential window of epitaxial graphene and the onset of hydrolysis. For this aim, the working electrode potential was scanned within the negative potential region from À0.9 V to 0 V in 0.1 M acetate buffer solution at a scan rate of 20 mV s À1 . In the next stage, we studied the redox reactions involving Pb species by analysing the cyclic voltammograms. Finally, to elucidate the kinetics of Pb, we recorded the current-time transients during the electrodeposition of lead on graphene-covered SiC. In this regard, the Scharifker-Hills theory was applied to determine the nucleation mechanism. All suprapure chemicals and reagents were purchased from Sigma Aldrich. The buffer solution (0.1 mol L
À1
) was prepared with HClO 4 and Milli-Q-water. 0.1 mM Pb 2+ ion solution was prepared in 0.1 M buffer electrolyte using metal salts, namely lead(II) nitrate (purity of Pb(NO 3 ) 2 is higher than 99%).
Epitaxial graphene electrode
Epitaxial graphene on SiC (Gr/SiC) was prepared using high temperature thermal decomposition of the silicon-terminated silicon carbide substrate (7 Â 7 mm 2 semi-insulting Si-face 4H-SiC)
in an argon atmosphere. 17 According to optical reflectance mapping, 18 more than 70% of the measured sample area consisted of monolayer graphene, while the contribution from bilayer graphene is less than 30%. It should be mentioned that the graphene layer on the SiC template exhibits a terracestepped morphology, due to the unintentional misorientation of the SiC substrate and, respectively, a natural step bunching. Graphene monolayer covers the terraces and most of the steps on the SiC surface, but sometimes bilayer inclusions form at the step edges. Such a diversity in thickness allows us to consider both monolayer and bilayer graphene as possible surfaces of the working electrode. But, due to the large areas of monolayer in our sample, we anticipate that the adsorption events will mostly occur on this surface.
SEM and Raman measurements
To study the size of Pb electrodeposits and to characterize the sample microstructures after the electrochemical studies, we used SEM in a Leo 1550 Gemini SEM at an operating voltage ranging from 10 kV to 20 kV and a standard aperture value of 30 mm. In addition to the above-mentioned reflectance mapping used to obtain the number of graphene layers, Raman mapping on selected areas was employed before and after electrodeposition of lead. The Raman spectra were measured using a microRaman setup based on a monochromator (Jobin-Yvon, model HR460) equipped with a CCD camera. The objective lens has a magnification of 100Â and a numerical aperture of NA = 0.95, resulting in an B0.85 mm diameter of the laser spot on the sample surface. A 532 nm diode-pumped solid-state laser with 17 mW power was used as an excitation source. The spectral resolution of the system is B5.5 cm À1 .
DFT calculations
When adsorbed on the graphene surface, heavy Pb adatoms modify the in-plane C-C bond lengths and, consequently, the frequencies of each oscillator. All these changes manifest themselves in the Raman spectra. First principles calculations were performed to investigate the effect of lead species on the Raman spectra of graphene. All calculations were made within the framework of density functional theory (DFT), as implemented in the Gaussian 09 package. 19 We consider zigzag-edged 20 In our calculations, the geometry of graphene before and after interaction with neutral Pb species was fully optimized at the PBE1PBE-D3 level of theory, 21 with consideration of the dispersion correction and using the default convergence criteria. The 6-311G(d,p) basis set was used for carbon and passivating hydrogen atoms, while a basis set developed by the Stuttgart-Dresden-Bonn group was applied for the Pb atom. 22 Raman spectra were computed at the same DFT level. To make the theoretical analysis tractable and to reduce the overall time of DFT calculations, three simplifying assumptions were used. First, we neglect the effect of the SiC substrate on the vibrational properties of graphene, although the lattice mismatch between the graphene layer and SiC may cause strain, thereby leading to a shift of the characteristic modes. Since this shift is not influenced by the adsorbed species, we investigate only the adsorbate-induced relative changes in the Raman spectra of graphene. Secondly, due to the limitations of the theoretical approach related to the second-order Raman scattering process, we consider only the first order D and G modes (the latter is Raman-active, whereas the D-mode is forbidden in the perfect graphene crystal and needs defects, e.g., edges, for its activation). Since our main aim here is to understand the behavior of the Pb species on graphene, we can, without loss of generality, focus on the analysis of these two phonon modes and their relationship correlated with the degree of graphene disorder. Since the edge length to surface area ratio in the nano-sized graphene patch is larger than that in an infinite graphene sheet, we expect the D mode to dominate over the G mode.
Results and discussion
Raman analysis -theory and experiment
A key point in analysing Pb behaviour on the graphene electrode is to understand the nature of the specific interaction between the Pb species and sp 2 -hybridized carbon. The interaction strength is the main factor that is responsible for the diffusion, kinetics and nucleation of Pb species. Furthermore, the binding ability of graphene towards Pb unambiguously defines the electrochemical response of the corresponding working electrode regarding reliable and selective lead detection. Therefore, understanding the surface reactions at the graphene interface is a very important task to describe the sensing mechanism. Addressing this challenge requires a comprehensive characterization of the working electrode material (Gr/SiC) before and after Pb adsorption events. Here, we use Raman spectroscopy to monitor the phenomena observed by electrochemical methods (Pb adsorption/desorption on the graphene/SiC working electrode) and the binding of Pb adatoms to epitaxial graphene at critically low concentrations.
Prior to Raman measurements, we performed reflectance mapping to get information on the number of graphene layers. The optical reflectance maps (not shown here) reflect the distribution of regions with different thicknesses of graphene layers. For the investigated region, 30% of the total area contains layers with a thickness of 2 monolayers, while the rest is represented by monolayer graphene. Thus, the electrochemical adsorption of lead adatoms is expected both on monolayer graphene and on bilayer graphene. Fig. 1 displays typical Raman scattering spectra before and after the metal deposition. The analysis of Raman spectra of the sample before electrochemical treatment shows that the Raman map is taken entirely from the monolayer graphene region, whereas the map after Pb electrodeposition covers both monolayer and bilayer regions.
A representative spectrum corresponding to a monolayer epitaxial graphene (red curve, Fig. 1 represents the contribution of the buffer layer (BL) to the Raman spectrum of epitaxial graphene. 10 We do not detect any
Raman signal from the defect-related D mode, 26 pointing to the high crystalline quality of the graphene layers before electrochemical treatment. The absence of the D line also means that a very small fraction of the intrinsic defects is available as effective reaction sites for lead nucleation. It is believed that only active sites belonging to the basal plane (bridge sites) and edge-plane sites can provide the local electron exchange between Pb and graphene. After Pb adsorption, the Raman spectra are measured on monolayer and bilayer graphene regions. There are two types of spectra in the processed sample. One type is represented by the Raman spectra of the bare graphene (graphene regions, which are not covered by adsorbates, see the grey and marron curves in Fig. 1 ), while the other type of spectra corresponds to graphene occupied by adsorbed metal adatoms (blue and green curves in Fig. 1 ). Such adsorbates can interact with graphene and change its vibrational properties. A considerable red-shift of the G mode (À15 cm À1 for both 1 ML and 2 ML regions in the displayed spectra, respectively) and an increase of its FWHM (+53 cm À1 and +42 cm À1 for both 1 ML and 2 ML regions in the displayed spectra, respectively) are observed after Pb deposition, which is related to the changes in graphene surface chemistry due to the nonuniform distribution of the individual Pb species and metal clusters attached to the reactive sites. Using DFT calculations, we found that adsorbed Pb atoms tend to occupy the bridge sites (the centre of the C-C bond) of the sp 2 conjugated graphene lattice, acting as electron-donating dopants.
We performed Mulliken population analysis and determined the Mulliken charges for each atom in graphene before and after interaction with Pb species. As can be seen in Fig. 2 , the Pb atom has a charge of +0.3, while the charges on the carbon species belonging to the bridge site of graphene become more negative compared to the same atoms in pristine graphene, indicating that the graphene accepts electrons from the lead atom (n-type doping).
To gain more insights into the charge transfer mechanism, we also calculated the charge density difference by using the following equation:
where r Pb@Gr , r Gr , and r Pb are the total charge densities of the interacting structure, the isolated graphene, and the isolated Pb atom, respectively. As shown in Fig. 3 , the charge transfer occurs from the Pb adatom to the graphene near the adsorption site. Taking the aforementioned results into account, we can argue that the doping effect is caused by the formation of a hybrid charge transfer complex.
It is important to note that electron doping should result in a blue shift of the G line and a decrease in its half-width. 28 In our case, the red-shift of the G line after Pb adsorption can be understood in terms of the local strain model 29 and the broadening of the G peak width can be related to the local strain variation caused by Pb-induced lattice distortions inside the laser spot. 30 According to the local strain model, which was initially proposed by Zheng et al., 29 the red-shift of the G mode may originate from the charge transfer between the metal species and graphene, as was demonstrated in the case of gold nanoparticles deposited on the graphene surface. Since the total charge transferred from the Pb species to the graphene surface increases upon increasing the amount of Pb atoms, local negatively charged graphene regions occur near the reactive sites. Consequently, two different electrostatic forces are formed. One of them is attractive in nature and tends to bind the Pb atom to the graphene surface (via attraction between opposite charges), while another is a repulsive in-plane force between the graphene regions with the same charges, which promotes bending of nano-sized graphene and the appearance of local strain (which is mainly responsible for the red-shift of the G band). We also revealed that the 2D peak position (which is less sensitive to the doping effect compared to the G line) of the 1 ML region is only weakly affected by the adsorbates due to a low doping regime, while the 2D peak of the 2 ML region is red-shifted by 21 cm À1 compared with the peak of the uncovered bilayer region. These findings, altogether, indicate that the Pb species can simultaneously cause n-type doping of graphene and lead to the appearance of inhomogenously distributed local strains. In the spectra affected by the presence of Pb, in addition to the G and 2D lines, an intense D line is also observed (see the blue and green curves in Fig. 1 ). Whenever present, the breathing D mode associated with near-K point phonons 31 appears at about 1364 cm
À1
, overlapping with the spectrum of the buffer layer. Its appearance can be explained by adsorbate-induced lattice distortion and the generation of structural defects. Therefore, tracking the changes in this spectral region allows the local Pb adsorption to be probed.
To shed more light on the effect of the Pb deposits on the vibrational properties of epitaxial graphene on SiC, we performed two-dimensional Raman mapping and used statistical analysis to extract information about the spatial uniformity in the graphene properties before and after Pb adsorption (Fig. 4) . The comparison of the 2D vs. G peak dependencies before and after Pb electrodeposition reveals significant differences, as shown in Fig. 4a . The data points for the pristine graphene sample span primarily along a line with a slope of approximately 2.3 (the fitting procedure is demonstrated in Fig. S1 (ESI †) ). This value is in good agreement with the values of B2.3-2.5, which were frequently observed for purely stressed graphene without the influence of the doping effect, indicating biaxial strain. 32, 33 On the other hand, due to the presence of both 1 ML and 2 ML graphene areas inside the mapped region after electrochemical deposition of lead, we observe three different sets of data points corresponding to the 1 ML, 2 ML and Pb-covered graphene regions (see Fig. 4a ), respectively. The data points, which are related to the uncovered graphene with different thicknesses, scatter along nearly parallel lines with slopes of approximately 1.9 and 2.2 for the monolayer and bilayer, respectively (linear fitting is presented in Fig. S2 , ESI †). Another set of data points (see green asterisks in Fig. 4a ) corresponds to the Raman measurement on the graphene sample occupied by adsorbates (all corresponding Raman spectra exhibit a strong defect-related D peak). From the analysis of the statistical spread of these data points, we can infer that the Pb-involved surface reactions over the graphene cause the inhomogeneous distribution of the Raman-spectrum parameters related to the presence of a highly inhomogeneous strain distribution as compared to the pristine graphene. To get more evidence in favour of this assumption, we plotted the dependence of the position of the 2D peak (which is highly sensitive to the strain variations in the graphene layer 34, 35 ) on its FWHM value (Fig. 4b) . One can see that the pristine graphene before Pb adsorption is narrow and homogeneous within the investigated measurement range, while after Pb adsorption, the 2D peak is significantly broadened. The main source of the 2D peak broadening is most likely due to nanometre-scale local strain fluctuations induced by the occupation of the reactive sites of graphene with electron-donating Pb adsorbates. In Fig. 4c , the FWHM of the G peak is plotted against the position of the G peak. It is clearly seen that the G lines recorded before Pb electrodeposition are narrower compared to those after Pb adsorption, indicating that many random spatial charge fluctuations occur within the laser spot. A question arises: what is the correlation between the binding ability of the Pb species to graphene and Raman scattering processes in graphene after Pb electrodeposition? To gain an insight into how the question can be addressed, we performed DFT calculations in an attempt to specify the geometrical configuration of the Pb species adsorbed onto graphene and to define the effect of the Pb adatoms on the vibrational properties of the nano-sized graphene. To consider possible realistic adsorption situations, we analyse two contrasting configurations: (i) Pb adatoms are very near to each other and (ii) Pb adatoms are far from each other. Concerning case (i), we found that the Pb adatoms (2, 3 and 4, respectively) were placed close to each other to form dimer, trimer and tetramer structures, with equilibrium distances between the nearest Pb atoms of 2.91 Å, 2.81 Å and 2.97 Å, respectively. An increase in the number of Pb atoms adsorbed on the graphene surface results in a decrease in the total charge transferred between the Pb species and graphene: from 0.3e À (for the one Pb adatom) to À0.04e À (for the Pb tetramer; in this tetramer, two Pb species have a positive charge, while the others have a negative charge). This is driven by the competition between Pb-sp 2 carbon and Pb-Pb interactions and can be explained by the energetic preference of Pb atoms to clusterize when adsorbed on graphene. 15, 36 The changes in the interaction strength manifest themselves in the Raman scattering processes (Fig. 5) . In the calculated Raman spectrum of the pristine nano-sized graphene before any interaction with Pb, the most interesting features are observed at 1379 cm À1 and 1658 cm À1 and can be ascribed to the D and G bands, respectively. The positions of both D and G modes are blue-shifted in comparison to the average experimental values. This discrepancy may originate from the size effect. 37 The spectral features observed in the frequency range between 1300 cm À1 and 1360 cm À1 and from 1400 to 1630 cm À1 are attributed to a mixture of the C-C bond stretching and C-C-H bending vibration modes and in most cases, they are absent in the experimental Raman spectra. The visualization of the D mode demonstrates 
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that it is related to the symmetric ''breathing'' vibration of the hexagonal ring. The strong intensity of this peak is due to the lack of translational symmetry in the model molecule (hence, relaxation of the momentum conservation law) and, consequently, changes in the selection rules, caused by the small size of the zigzag-edged sp 2 graphene fragment. Due to the symmetry of the nano-sized graphene, the G band is doubly degenerate, originating from the iTO phonon mode (1657.34 cm
À1
) and iLO phonon mode (1658.24 cm
). This degeneracy is broken after the adsorption of one Pb atom (Fig. 5b) and only the iTO mode contributes to a red-shifted G mode, which occurs at 1650.96 cm
. We also noticed an increase of the I D /I G amplitude ratio after the adsorption event from 2.67 to 3.42, which is in line with the increase of the disorder degree induced by Pb adsorbates. It is generally accepted that the ratio of the intensities of the D and G peaks (I D /I G ) is correlated with the degree of graphene disorder. 38 This ratio can be used for monitoring the Pb adsorption events, which induce explicit symmetry breaking and activate a strong defect-involving Raman process. Therefore, different I D /I G ratios of the nano-sized graphene before and after Pb deposition illustrate the different levels of the defect density. The strong tendency of the Pb atoms to cluster under conditions of critically short metal-metal distances ( Fig. 5c-e) implies a decrease of the binding energy, an increase in the Pb atom height above graphene, and a reduction of the charge transfer from Pb adsorbates to the graphene plane. Altogether, this leads to a decrease of n-type doping of graphene and diminishes the strain (C-C bond lengths become closer to an ideal sp 2 C-C bond length of 1.42 Å). Therefore, the Raman spectra of graphene after adsorption of 2, 3 and 4 Pb atoms (which are close to each other) are very similar to the Raman spectrum of the pristine graphene, without any visible shift of the characteristic G and D modes. This finding is important for understanding the experimental results because it suggests that after clustering of Pb atoms, no significant changes are induced in graphene, and the adsorption of large metal clusters on the defect-free graphene basal plane is less likely than the local adsorption of individual Pb adatoms. Let us consider now the adsorption configurations when Pb adatoms are far from each other. As can be seen in Fig. S3 (ESI †), when the distances between adsorbed Pb atoms on graphene are too long to form clusters, the metal-graphene interaction prevails over the metal-metal interaction and the adsorbates tend to bend the graphene plane. Because of this, the binding energy becomes larger with increasing numbers of the metal atoms, and the total charge transferred from Pb to graphene reaches a maximum value of 1.95e À in the case when four Pb atoms are placed on graphene. All these results reflected a dramatic change in the vibrational properties of the graphene (Fig. S3a, ESI †) . It is obvious that after adsorption of the Pb species, the Raman spectra demonstrate a set of bands (forbidden in the case of the pristine graphene) that are related to a combination of the C-C bond stretching, C-C-H angle bending and local vibration modes. Careful analysis of the atom displacements associated with all observed normal modes allows tracking of the behaviour of both D and G modes.
The G Raman mode was found to undergo a red shift, while the D peak is blue-shifted. As mentioned before, such behaviour can be explained by the existence of a local strain between graphene and Pb adsorbates. To be more exact, the repulsive interaction between locally randomly distributed negativelycharged graphene regions with nanoscale spatial extents can cause strong tension in graphene. Similar results were reported for Cs, 39 Au, 40 and Fe 41 adatoms on graphene. This assumption is additionally evidenced by the Mulliken atomic charge analysis. 42 Fig . S4 (ESI †) demonstrates the charge density distribution on nano-sized graphene after complexation with Pb neutral adatoms. As can be seen in this figure, the carbon atoms with the highest charge density distribute at the zigzag edges and near the most favourable Pb adsorption sites (bridge sites). This confirms the possibility of the formation of electron puddles and their important role in the appearance of local strains. DFT calculations also confirmed that individual Pb adsorbates tend to interact with graphene near the edge plane sites. Such behaviour can be explained by the fact the electron density is mainly concentrated around the edges of the graphene, promoting a high electron transfer rate within these regions compared to the electrochemical reactions within the more inert basal plane of graphene. Our results mirror most of the literature data regarding the electrochemical activity of graphene for sensing and electrocatalytic applications, especially with regard to electron transfer reactions, which has mainly been attributed to an enhanced interaction between adsorbates and carbon species near the edge sites. Indeed, the edge-plane sites play a very important role in the electrochemical phenomena occurring at the graphene working electrode. [43] [44] [45] [46] [47] In previous studies on graphene electrochemistry, it has been remarked that the edgeto-basal ratio of graphene significantly affects its electrochemical responses towards different analytes. [47] [48] [49] The control of this ratio can be achieved, for example, through the intentional formation of multilayer graphene islands on continuous graphene films. As shown in ref. 45 , such graphitic islands can dominate the electrochemical response at the graphene electrode. Our studies showed the presence of bilayer patches (more than 30% of overall coverage) in the majority-monolayer graphene sample. We believe that due to such thickness inhomogeneity, a lot of the chemically active sites, namely dangling bonds at the non-passivated bilayer inclusions, are available for reaction with incoming Pb adsorbates, thereby providing the effective charge transfer underlying the electrochemical response of the epitaxial graphene.
Electrochemical performance of the Gr/SiC electrode
Cyclic voltammetry on the Gr/SiC electrode revealed a double layer region (between 0 V and À0.6 V; Fig. 6a ), which featured the absence of any faradaic processes. A higher cathodic polarization (up to À0.9 V) resulted in the appearance of currents of the hydrogen evolution reaction (HER) on Gr/SiC limiting the operational window for metal deposition in a certain aqueous electrolyte (0.1 M HClO 4 ). The presence of lead ions (Fig. 6b) yielded the appearance of cathodic currents of metallic lead deposition (started at ca. À0.35 V), which featured the suppression of background currents due to the higher overpotential of HER on lead. A sharp stripping peak of lead ionisation (À0.43 V) was observed on the anodic scan of cyclic voltammetry, allowing the electrode surface regeneration. The stability of the observed currents during the repetitive potential cycling illustrates the reversibility of the metal deposition and ionisation processes.
Electrodeposition of lead: chronopotentiometric stripping analysis
To further elucidate the deposition kinetics on the graphene surface, the current transients were recorded as a response of the applied potential pulses of different amplitudes preconditioned at the region of complete lead ionization (À0.2 V). The evolution of the current transient shapes with increasing the cathodic potential pulse amplitude (Fig. S5 , ESI, † and Fig. 7 ) shows a transition from nucleation rate control to reactant diffusion control observed on shorter and longer elapsed times, respectively. The appearance of Pb nuclei accompanied by the current increase due to the nuclei growth is visible at the shortelapsed times. The longer times feature the overlapping of the convergent diffusion profiles of Pb ions resulting in the suppression of the growth rate and a decrease of the recorded currents. The increase of the cathodic polarization with the intensification of the deposition leads to higher current densities (I max ) and shorter times until the control transition t max (Fig. 8a) .
When the deposition potential is shifted towards more negative potentials, the maximum time, corresponding to the maximum current, tends to become shorter (Fig. 8b) , illustrating the potential-driven kinetics of Pb deposition. It is important to note that during the potential stepping, the concentration of the Pb adatoms across the graphene surface reaches its equilibrium value and further accumulation of lead species is completely compensated by their release into the buffer solution. We believe that the accumulation limit is dependent on the concentration of the reactive sites on the graphene surface. This means that the effective control of the nucleation rate can be reached via tuning the edge/basal/defect ratios in epitaxial graphene.
In accordance with the Scharifker-Hills theory, 50 there are two possible scenarios of metal deposition depending on the initial surface density of the nucleus. The instantaneous nucleation mechanism is realized if the change of the nucleus density is attainable with the polarization increase. Here, the increase of polarization yields an increase of the nucleation rate up to exhaustion due to the lack of available nucleation sites. At this point, the current corresponding to the instantaneous nucleation obeys the following law:
where z is the valency of the metal ion (+2 in the case of divalent Pb species), F is the Faraday constant (F = 96 485 C mole À1 ), c is the Pb concentration (c = 10 À7 mole cm À3 ), D is the diffusion coefficient of the lead ions, N 0 is the maximum density of the Pb nucleation centres over the surface of the epitaxial graphene, 
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M is the molar mass of the Pb, r is the density of the deposited species, and t is the time.
In contrast, the progressive nucleation is realized if the initial nucleus density is high enough at the initial stage of growth and the nucleation rate is much higher than the growth rate. This case leads to slow growth due to the overlapped profiles of convergent diffusion of Pb ions. The current transients in the case of progressive nucleation can be described as follows:
where a is the nucleation rate constant. The computed curves derived from eqn (2) and (3) are shown in Fig. 8c , together with the experimental current transients in dimensionless coordinates. It can be seen that the experimental curves for electrodeposition of metallic Pb on Gr/SiC show the best agreement with the dependence computed in the frame of the instantaneous nucleation mechanism, which is consistent with Pb electrodeposition mechanisms reported for copper, 52 silicon surface 51 and tungsten foil. 53 Further data analysis in the frame of eqn (2) and (3) showed an exponential increase of the number of active nucleation sites (N 0 ) on Gr/SiC (Fig. 8d) , which is typical for an instantaneous nucleation mechanism. According to the SEM results (Fig. S6 , ESI †), we observe an inhomogeneous random distribution of microsized electrodeposits onto the graphene surface without large nuclei coalescence, which can be ascribed to the low density of the active nucleation sites. It is likely that only the graphenerelated intrinsic defects (ripples, wrinkles, vacancies, unsaturated bonds at the edges of the graphene domains, etc.) are favourable sites for the electrodeposition of the Pb species while the epitaxial graphene is rather free of the mentioned defects. Bearing in mind the results of DFT calculations (namely, metal clustering due to strong metal-metal interactions weakens the interaction strength between Pb and graphene), we believe that the presence of the large metal-free regions on the graphene surface after Pb electrodeposition can be associated with the release of weakly bonded Pb clusters back into the electrolyte solution.
The data demonstrated in Fig. 7 were utilized for the estimation of the diffusion coefficient of lead ions using the following expression:
It should be mentioned that Pb nuclei grow three-dimensionally at a rate determined by the rate of incorporation of new Pb species. In other words, the nucleation process is fully controlled by the diffusion of Pb ions to the growing centre. Note that the average diffusion coefficient calculated using eqn (4) was about 3.4 Â 10 À8 cm 2 s À1 . In other studies, Pb deposits showed high dispersions in the values of diffusion coefficient depending on the interaction strength with a substrate and illustrating the energetic barriers for surface migration. Indeed, the diffusion coefficient values reported for Pb deposits on glassy carbon, n-Si, tungsten foil, and ITO were found to be 0. 55 respectively, illustrating the effect of the interaction strength with a substrate, which depends on the surface conditions. According to the Arrhenius law, a small diffusion coefficient, as observed here, can be attributed to the high activation energy of surface migration. 56, 57 As has been shown in our previous work, 15 the surface migration of the neutral Pb species on free-standing graphene requires overcoming highenergy barriers of about 100 meV, which can be explained by the fact that the Pb species tend to reside on bridge sites avoiding the hollow site positions (the centres of the hexagonal rings) on graphene. All experimental details yield atomistic insights into the location of the Pb deposits on graphene.
Conclusions
We have presented some insights into the Pb deposition kinetics on epitaxial graphene and the interaction strength between graphene and lead species. An instantaneous nucleation mechanism has been observed for the Pb deposition by electrochemical plating. A small diffusion coefficient (ca. 3.4 Â 10 À8 cm 2 s À1 ) estimated for the Pb deposits illustrates the high energy barriers for surface migration. This provides appropriate conditions for the electrochemical detection of Pb ions in aqueous solutions, since the incoming Pb individual adatoms can strongly bind to defect-free graphene near the bridge and highly reactive edgeplane sites. The deposition of large metallic clusters happens only at randomly localized extended defect sites providing a high interaction energy, respectively. These defects are most probably created during the electrochemical treatment. Coherently, Raman spectroscopy revealed inhomogenously distributed local strains and randomly distributed negatively-charged in-plane regions induced by Pb deposition. Consistently, computational analysis confirmed the strong interaction (bonding) between individual Pb atoms and graphene and showed that the adsorption of few-atomic Pb clusters on defect-free graphene regions is much less favourable. These observations contribute to the atomistic understanding of metallic Pb phase formation on a graphene monolayer as a technological route towards the selective detection of Pb by electrochemical methods.
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